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ABSTRACT

A global ocean general circulation model (L30T63) is employed to study the uptake and distribution of
anthropogenic CO2 in the ocean. A subgrid-scale mixing scheme called GM90 is used in the model. There
are two main GM90 parameters including isopycnal diffusivity and skew (thickness) diffusivity. Sensitivities
of the ocean circulation and the redistribution of dissolved anthropogenic CO2 to these two parameters are
examined. Two runs estimate the global oceanic anthropogenic CO2 uptake to be 1.64 and 1.73 Pg C yr−1

for the 1990s, and that the global ocean contained 86.8 and 92.7 Pg C of anthropogenic CO2 at the end
of 1994, respectively. Both the total inventory and uptake from our model are smaller than the data-based
estimates. In this presentation, the vertical distributions of anthropogenic CO2 at three meridional sections
are discussed and compared with the available data-based estimates. The inventory in the individual basins
is also calculated. Use of large isopycnal diffusivity can generally improve the simulated results, including
the exchange flux, the vertical distribution patterns, inventory, storage, etc. In terms of comparison of the
vertical distributions and column inventory, we find that the total inventory in the Pacific Ocean obtained
from our model is in good agreement with the data-based estimate, but a large difference exists in the
Atlantic Ocean, particularly in the South Atlantic. The main reasons are weak vertical mixing and that our
model generates small exchange fluxes of anthropogenic CO2 in the Southern Ocean. Improvement in the
simulation of the vertical transport and sea ice in the Southern Ocean is important in future work.
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1. Introduction

Over the past 200 years, human activities, includ-
ing the burning of fossil fuels and the production of ce-
ment, have emitted a large amount of carbon dioxide
(CO2) into the atmosphere, so that the atmospheric
CO2 concentration has increased by about 100 ppmv.
In addition to the accumulation of CO2 in the atmo-
sphere, the ocean has also absorbed a large amount of
the emitted CO2. However, there is still a large un-
certainty about the global oceanic uptake of anthro-
pogenic CO2. Estimating the anthropogenic CO2 up-
take and storage in the ocean is important for under-
standing the global carbon cycle and for the projection
of future atmospheric CO2 levels and climate change.
For more than 20 years, researchers have made great

efforts by global surveys and they have obtained many
data sets. Many researchers have used these data sets
to estimate the storage of the anthropogenic CO2 at
the basin scale and global scale (Gruber, 1998; Sabine
et al., 1999, 2002; Key et al., 2004). Due to the lim-
ited spatial and temporal coverage, it is still difficult
to accurately estimate the anthropogenic CO2 uptake
and storage in the ocean. It has been realized that
the only way to project the influences of greenhouse
gases on the future climate is to use numerical mod-
els. Examinations of these models require the data.
Thus, alternative data-based estimates of the current
oceanic anthropogenic CO2 inventories and transports
have provided us an insight into the assessment and
validation of the models.

Ocean carbon cycle models have been developed
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over the past 50 years. From the simplest box
model (Craig, 1957) to the dynamic-based three-
dimensional (3-D) ocean general circulation model
(OGCM) (Maier-Reimer and Hasselmann, 1987),
great progress has been made. So far there have been
many published results about the oceanic CO2 sink
from 3-D carbon cycle models. These carbon cycle
models are basically involved with two categories, in-
cluding the inorganic carbon cycle with associated bi-
ological processes. Most early models employed the
inorganic carbon cycle due to the lack of sufficient
knowledge of the carbon cycle. At that time, spatial
descriptions were limited to one or two dimensions.
Since Maier-Reimer and Hasselmann (1987) employed
a 3-D ocean inorganic carbon model, the 3-D ocean
model has been gradually used in the study of the car-
bon cycle. The 3-D ocean carbon model with biolog-
ical processes was developed by Bacastow and Maier-
Reimer (1990).

A special model for measuring the anthropogenic
CO2 concentration has been widely used to estimate
the oceanic CO2 uptake. Sarmiento et al. (1992) pro-
posed a perturbation approach to estimate the oceanic
uptake of anthropogenic CO2. That approach pre-
sumed that the mechanism and rates of the processes
affecting the natural cycling of carbon in the ocean are
not affected by the anthropogenic CO2 increase. In
fact, anthropogenic CO2 is taken as a passive tracer
that is fully controlled by physical fields in the in-
terior ocean. Thus, the difference in simulated re-
sults between models is mainly due to the difference
in OGCMs. This type of simulation is often used in
the comparison of OGCMs and to estimate the uptake
and storage of anthropogenic CO2. Orr et al. (2001)
compared the oceanic uptake of anthropogenic CO2 in
the four 3-D global ocean carbon cycle models. They
found that there were some different results from dif-
ferent models, particularly a large difference on the
regional scale.

OGCMs started to develop in China 20 years ago.
The first simulation of an OGCM was published in
1989 by researchers at the Institute of Atmospheric
Physics/the Chinese Academy of Sciences (IAP/CAS).
More than 10 years ago, researchers in China began
to develop the 1-D and 2-D ocean carbon cycle mod-
els. Jin and Shi (2001) employed MOM2 to study the
oceanic uptake of anthropogenic CO2 in terms of the
carbon cycle with biological processes. Xing (2000)
developed a 3-D ocean carbon cycle model to study
the influence of biological processes on the oceanic
uptake of atmospheric CO2. Dong et al. (1994) and
Pu and Wang (2001) used the physical fields from the
first generation of the IAP OGCM with 4 vertical lev-
els to study the carbon cycle in the Atlantic and In-

dian Oceans, respectively. According to the previous
OGCM structure, one global OGCM was developed by
Jin et al. (1999), which was called L30T63. Li and Shi
(2005) examined the L30T63 in terms of radiocarbon,
including natural and bomb carbon-14. Simulated re-
sults from both the natural and bomb carbon-14 re-
flected the basic feature of oceanic ventilation. Some
differences in the distribution of natural 14C were that
the inventory and averaged penetration depth of bomb
14C still existed between the simulated results and the
data-based estimates. Li et al. (2006, 2007) used CFC-
11 to look at how well the L30T63 could simulate the
distribution of CFC-11, and discussed the influences of
GM90 parameters on the physical fields and the CFC-
11 distributions. Their results showed that two param-
eters in GM90 could obviously affect the distribution
of temperature and salinity as well as CFC-11. They
concluded from the analysis of the CFC-11 distribu-
tions at several sections, that the increase of isopycnal
diffusivity generally improved the simulated inventory
of CFC-11 in the main storage regions.

This study, built on our previous research, is to use
the L30T63 model to estimate the anthropogenic CO2

uptake and storage. In addition, we will study the
impact of the GM90 parameters on the anthropogenic
CO2 distribution. Meanwhile, the L30T63 is examined
in terms of comparison in the simulated anthropogenic
CO2 distribution with the data-based estimate.

2. Model description

2.1 Ocean general circulation model

The global ocean general circulation model was
developed by the State Key Laboratory of Numeri-
cal Modeling for Atmospheric Sciences and Geophys-
ical Fluid Dynamics (LASG) of IAP/CAS, which is
named L30T63. The detailed description of the model
can be found in Jin et al. (1999). The main features
in the model include the free surface, the thermody-
namic ice process, the penetration of solar radiation,
the Richardson number-dependent mixing process in
the tropical ocean, and the isopycnal mixing scheme
with an eddy-induced transport velocity by Gent and
McWilliams (1990) and Gent et al. (1995), which is
called the GM90 parameterization. Horizontal and
vertical viscosity coefficients are constant independent
of depth. Their values are 5.0 × 104 m2 s−1 (30◦S–
40◦N) and 1.0 × 10−3 m2 s−1, respectively. For the
vertical diffusion coefficient, we take it to be a con-
stant of 0.3 × 10−4 m2 s−1.

The model domain is global from 79◦S to 90◦N,
including the Arctic Ocean. The horizontal discretiza-
tion is made based on a triangular spectral truncation
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with its zonal wave number of 63 (T63), which approx-
imates to a grid size of about 1.875◦ × 1.875◦. The
vertical is 30 levels, unequally spaced with 12 levels
in the upper 300 m. The top level is 25 m thick and
the maximum depth is 5600 m. Two numerical exper-
iments are designed. In our Run 1, both isopycnal and
thickness (skew) diffusivities are taken to be 1.0× 103

m2 s−1; in Run 2 the isopycnal diffusivity is doubled.
The upper level thermohaline and wind stress forc-

ing is derived from the standard monthly mean cli-
matologies. The surface fluxes of temperature T are
calculated in terms of observed heat fluxes between
the atmosphere and ocean, and the fluxes of salinity S
are calculated by restoring the model predicted salin-
ity in the first level to the observations with a time
scale of 30 days. All simulations presented here were
initialized from the observed annual mean climatolog-
ical temperature and salinity data of Levitus (Levitus
and Boyer, 1994; Levitus et al., 1994). The model was
integrated for more than 1200 years. For the simula-
tion of oceanic carbon uptake, we restarted the model
integrations from the above equilibrated ocean circula-
tion of the OGCM, and included an additional passive
tracer for anthropogenic CO2 (online).

2.2 Anthropogenic CO2 model

The perturbation approach proposed by Sarmiento
et al. (1992) is employed in the model. The atmo-
sphere is treated as a well-mixed box. The upper ocean
is exchanged with the atmosphere through the inter-
face of the air-sea. The exchange flux of anthropogenic
CO2 can be written as

Flux = Sg(1 − γice)(δpCO2,a − δpCO2,o) , (1)

where γice is the fraction of sea ice cover, δpCO2,a

and δpCO2,o indicate the perturbations of the partial
pressure of carbon dioxide in the atmosphere and the
ocean, relative to their preindustrial values. Here the
year of 1800 is defined as the beginning of the Indus-
trial Revolution. The perturbed total dissolved inor-
ganic carbon (i.e., anthropogenic CO2 in the ocean) is
considered as a passive tracer. The equation proposed
by Sarmiento et al. (1992) is used to relate the partial
pressure of anthropogenic CO2 to the total inorganic
anthropogenic carbon in the ocean.

The exchange coefficient (Sg) of CO2 at the air-sea
interface is equal to the transfer velocity multiplied
by the solubility of CO2. The transfer velocity from
Wanninkhof’s (1992) equation is a function of wind
speed and seawater temperature. The formula with
long term wind speed is used in our model. The data of
wind speed is from Esbensen and Kushnir (1981). The
time history of atmospheric pCO2 is prescribed by using
the values at the beginning and middle of every year,

which is taken from Enting et al. (1994), with some
implemented values from the recent observed data at
Mauna Loa. Then, the atmospheric CO2 values are
linearly interpolated into each time step. After more
than 1200 years of integration of the circulation model,
the anthropogenic CO2 is taken as a passive tracer to
incorporate it into the circulation model. The initial
anthropogenic CO2 concentrations are set to zero in
the ocean. The circulation anthropogenic CO2 model
is run from the beginning of 1800 to the end of 1999.

3. Results and discussion

The transport of anthropogenic CO2 in the inte-
rior ocean is basically the same as that of other passive
tracers such as CFCs and carbon-14 except for the dif-
ference of the air-sea exchange. After anthropogenic
CO2 dissolves into the seawater, its redistributions are
fully controlled by the physical fields. Basic charac-
teristics of the model have been discussed in Jin et
al. (1999). Overall, the simulated physical fields, in-
cluding the thermocline and the equatorial currents
systems, are basically in agreement with the observa-
tions. For instance, the model reproduces the surface
distribution and vertical patterns of the temperature
and salinity. However, the formation of the simulated
Antarctic Bottom water (AABW) is insufficient.

The air-sea exchange of anthropogenic CO2 is
largely driven by the difference of anthropogenic CO2

concentrations in the atmosphere and the first level of
the model ocean. Figure 1 shows the annual mean ex-
change fluxes of anthropogenic CO2 in 1994. In the
area with strong vertical velocity (e.g., in the equato-
rial Pacific upwelling region), the anthropogenic CO2

flux is normally large (Sarmiento et al., 1992). For
instance, both runs show the large flux in the eastern
equatorial Pacific region, with the largest one being
0.9 mol m−2 yr−1. Model simulations also show that
the western North Atlantic, western North Pacific, and
Southern Ocean are important sinks of anthropogenic
CO2, because of strong vertical advection and convec-
tion mixing that rapidly transport the absorbed an-
thropogenic CO2 from the surface to deeper waters.
The uptake rate of anthropogenic CO2 in the west-
ern North Atlantic can reach 2 mol m−2 yr−1. There
are some differences in these regions between the two
runs. Great isopycnal diffusivity (Run 2) enhances the
transport of anthropogenic CO2 in the western North
Atlantic, western North Pacific, and the region near
60◦S.

While the absorbing region of anthropogenic CO2

is mainly determined by vertical movement, the sur-
face distribution of anthropogenic CO2 concentration
is largely affected by ocean surface currents. It can be
seen in Fig. 2 that except for the Arctic Ocean and
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Fig. 1. Annual mean distribution of sea-air exchange
fluxes �mol m−2 yr−1

�of anthropogenic CO2 in 1994:
(a) Run 1 and (b) Run 2.

the Southern Ocean, where anthropogenic CO2 con-
centrations are low because of sea ice cover, in the
equatorial region, particularly in the equatorial east-
ern Pacific Ocean, there is a low value of 40 µmol kg−1

for anthropogenic CO2 due to strong upwelling. The
anthropogenic CO2 absorbed in the eastern equatorial
region is transported along with the equatorial surface
current to the west, accumulates near the coast, and
then moves polewards. Meanwhile, the anthropogenic
CO2 absorbed in the western North Pacific and west-
ern North Atlantic is transported along with the sub-
polar gyre to the south and then along with the west
wind drift to the east, resulting in west- to-east in-
creases in higher latitudes and west-to-east decreases
in middle and lower latitudes. As a result, surface
anthropogenic CO2 is accumulated in the subtropical
regions. As shown in Fig. 2, anthropogenic CO2 con-
centrations can reach 50 µmol kg−1 in the subtropical
regions of three ocean basins. The 50 µmol kg−1 con-
tour covers the largest area in the Pacific. This spatial
distribution pattern is consistent with the data-based
estimate by Key et al. (2004). The data-based results
show that anthropogenic CO2 in the Atlantic Ocean
is much higher than that in other basins. However,
the high concentration in the Atlantic Ocean is con-
troversy (Key et al., 2004). Although the data-based

 

 

 

 

 

 

 

 

 

 

 

 

 

(a) 

(b)

Fig. 2. Annual mean distribution of anthropogenic CO2

(µmol kg−1) at 12.5 m in 1994: (a) Run 1 and (b) Run
2.

results give a small concentration of anthropogenic
CO2 in the Southern Ocean, our simulations still un-
derestimate the data-based values.

Figure 3 presents the distribution of simulated an-
thropogenic CO2 at 151◦W. According to the data-
based results (from http://cdiac.ornl.gov), the verti-
cal distribution of anthropogenic CO2 at this section
is quite similar to the simulated results with a “W”
structure, in which the deepest penetration is near 40◦

in both the South and North Pacific, whereas the shal-
lowest penetrations are in both higher latitudes and
near 10◦N. Our model successfully reproduces these
observed features. Some differences in penetration
depth exist between the two runs. For example, the 5
µmol kg−1 contour in Run 2 penetrates into the deep-
est level of 1350 m at 40◦S, which is in good agree-
ment with the data-based estimate, whereas in Run 1
the same contour can only penetrate into the deepest
level of 1170 m and the location is 8◦ to the south,
compared with Run 2 and the data-based results. In
addition, the deepest penetration of the 5 µmol kg−1

contour in the North Pacific is about 820 m in Run 2,
slightly larger than 800 m in Run 1, but much smaller
than the data-based estimate of 1100 m. This demon-
strates that an increase in isopycnal diffusivity cannot
obviously increase the storage of anthropogenic CO2
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Fig. 3. Annual mean distribution of anthropogenic CO2

(µmol kg−1) at 151◦W in 1991: (a) Run 1, (b) Run 2,
and (c) observations.

in some regions. As pointed out by Xu et al. (2007),
the increase of isopycnal diffusivity can enhance the
storage in the western North Pacific but does not help
much in the eastern North Pacific.

In the Atlantic, there were a few cruises in 1980s,
including TTO (Transient Tracers in the Ocean, 1981–
1982) and SAVE (South Atlantic Ventilation Experi-
ment, 1987–1988). Using these cruise data sets, Gru-
ber (1998) has given distributions of anthropogenic
CO2 at some sections�in which one section in the

western Atlantic includes the observed data that was
taken from a meandering cruise in the region from
60◦W to 20◦W. We took the regional average for com-
parison. Figure 4 presents the simulated results from
the two runs. It can be seen that the pattern is quite
similar to that along 151◦W. For example, the pene-
tration depth of the contours with values larger than
5 µmol kg−1 deepens from near the equator to the
mid-latitudes, showing a relatively shallow depth at
10◦N, and a deep depth near 40◦S and in the sub-
tropical regions. This demonstrates that the trans-
port path of anthropogenic CO2 determined by the
similar structure of an isopycnal surface in the dif-
ferent basins is basically consistent. However, due to
strong convection in the western North Atlantic, the 5
µmol kg−1 contour can reach the deepest penetration
below 3000 m in the region north of 50◦N, which is
quite different from that along 151◦W. The simulated
result is in agreement with the data-based estimate by
Gruber (1998). Data-based results also show that the
largest penetration depth of the 5 µmol kg−1 contour
is about 1800 m at 40◦S in the Southern Hemisphere.
Although our model generates the correct position of
the deepest penetration, the model underestimates the
penetration depth. The model simulation shows that
Run 2 is better than Run 1, with the deepest pen-
etration being 1350 m and 1120 m, respectively. It
should be pointed out that the penetration depth in
the region north of 40◦N in Run 2 is shallower than
in Run 1. This is because the increase of isopycnal
diffusivity affects the transport of both passive trac-
ers and active tracers (temperature and salinity) so
that the large isopycnal diffusivity enhances the sta-
bility of stratification, therefore weakening convection
(Li et al., 2007). Additionally, the vertical transport
of anthropogenic CO2 caused by convection is weak-
ened in that region in Run 2 relative to Run 1. In
general, the simulated result along this section is in
agreement with the data-based estimate. The influ-
ence of isopycnal diffusivity on the different processes
is well reflected in this section.

Figure 5 presents the distribution of anthropogenic
CO2 along 92◦E of the Indian Ocean in February 1995.
Figure 5c was drawn according to the data obtained
from http://cdiac.ornl.gov. The vertical distribution
of anthropogenic CO2 at this meridional section in
the Indian Ocean is quite similar to that in the Pa-
cific Ocean and Atlantic Ocean. The penetration is
shallow in the region south of 60◦S and in the equato-
rial region, and deep in the region of 40◦–50◦S. This
reflects the transport of passive tracers along the isopy-
cnal surfaces. Although our model cannot reproduce
well the high values of anthropogenic CO2 at the sub-
surface layer near 40◦S, which is similar to the results
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Fig. 4. Anthropogenic CO2 (µmol kg−1) distribution in the region of 20◦–60◦W in
1986: (a) Run 1 and (b) Run 2.
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Fig. 5. Anthropogenic CO2 (µmol kg−1) distribution at
92◦E in February 1995: (a) Run 1, (b) Run 2, and (c)
observations.

from four models compared by Orr et al. (2001), the
main distribution characteristics are in agreement with
data-based estimates (Sabine et al., 1999). The differ-
ence between the two runs is small in this section. The
contours in the region north of 10◦S are more disper-
sive in Run 2 than in Run 1. In the region south of
50◦S the contours in Run 2 are sharper than those in
Run 1. These characteristics in Run 2 are much closer
to the data-based estimates than those in Run 1.

Figure 6 shows the anthropogenic CO2 inventory
from the two runs. It can be seen that just as the
presentation at sections, storing regions are mainly lo-
cated in the subtropical regions of both hemispheres.
However, in the northern hemisphere, different physi-
cal processes lead to the differences in the location and
magnitude of a high anthropogenic CO2 inventory be-
tween the North Atlantic and the North Pacific. The
inventory in the subtropical region of the North Pacific
is about 20 mol m−2 in 1994, mainly located in the re-
gion of 20◦–40◦N. However, the inventory can reach
as high as 70 mol m−2 in the western North Atlantic
because strong convection makes anthropogenic CO2

reach the bottom of the ocean, as seen in Fig. 4. The
location is relatively to the North. These distribution
features are in agreement with data-based estimates
by Key et al. (2004) who used the observed data sets
from WOCE (World Ocean Circulation Experiment)
and JGOFS (Joint Global Ocean Flux Study).

In the southern hemisphere, according to the esti-
mate by Key et al. (2004), the difference in the main
storage of anthropogenic CO2 among basins is not as
obvious as that in the northern hemisphere. The high
inventory in both the Indian Ocean and the Atlantic
Ocean appears to be in the region of 25◦–45◦S, with
the highest value being more than 40 mol m−2. The
high inventory in the Pacific is located relatively to
the south. The area with the inventory more than
40 mol m−2 is much smaller than that in the other two
basins. We notice that the storing region from our si-
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(b)

(a)

Fig. 6. Distribution of anthropogenic CO2 column in-
ventory (mol m−2) in 1994: (a) Run 1 and (b) Run 2.

mulations is quite consistent with the data-based es-
timate, but the magnitude is much smaller relative to
the data-based value. The highest inventory in the
South Pacific from Run 2 is 30 mol m−2, which is
smaller than the data-based estimate. The high in-
ventory from Run 2 is larger than that from Run 1.
It has been realized that the anthropogenic CO2 in
the subtropical regions of the Southern Hemisphere is
mainly from the Southern Ocean. Considering the sur-
face distribution of anthropogenic CO2 in Fig. 2, we
can presume why the position of the simulated inven-
tory is correct but the magnitude is too small. One of
the reasons is that the simulated uptake in the south-
ern ocean is too small. It can be seen in Fig. 1 that the
simulated annual mean air-sea exchange flux is close
to 0 in the region south of 60◦S. This is because our
simulations give rise to almost a permanent ice cover
in the region of 60◦–70◦S, which limits the exchange
of anthropogenic CO2 between the atmosphere and
ocean according to Eq. (1). Furthermore, our model
under predicts the vertical transport in the Subantarc-
tic Zone, which results in underestimating the uptake
of anthropogenic CO2, because GM90 generally tends
to weaken the convection. In fact, there is a strong
convection in the Subantarctic Zone, as pointed out by
Wang and Matear (2001) and the winter mixed layer
depth can reach 600 m in the Subantarctic Zone. In or-
der to improve our simulations of anthropogenic CO2

storage in the southern hemisphere, the main focus of
future work is to improve the simulation of vertical
transport and sea ice in the Southern Ocean.

In order to perceivably compare with data-based
estimates, we respectively calculate the zonal mean
anthropogenic CO2 inventory in different basins. All
data-based results are obtained from Fig. 9 of Sabine
et al. (2002), in which results in the Pacific Ocean, the
Atlantic Ocean, and the Indian Ocean were obtained
by Sabine et al. (2002), Gruber (1998), and Sabine et
al. (1999), respectively. For consistency with the ob-
servations, we used the simulated results from 1994 for
the Pacific Ocean, from 1995 for the Indian Ocean, and
from 1986 for the Atlantic Ocean. The data-based in-
ventory in Fig. 7 indicates that the largest inventory in
the Southern Hemisphere appears to be near 50◦S in
the Pacific Ocean, near 40◦S in the Atlantic Ocean,
and near 35◦S in the Indian Ocean. As discussed
above, the largest inventory in the Pacific Ocean is
located to the south relative to other basins, and its
value is about 35 mol m−2, smaller than 49 mol m−2

in the Atlantic Ocean, and 40 mol m−2 in the Indian
Ocean. The trend of change in the inventory from
our simulations is in agreement with the data-based
one. Although the location of the simulated maxi-
mum inventory is quite consistent with the data-based
one, the value is smaller than the data-based inventory.
Because the simulated surface anthropogenic CO2 con-
centrations are much lower than the data-based con-
centrations, the simulated inventory in the whole At-
lantic Ocean is 20 mol m−2 smaller than the data-
based estimate. In the Southern Hemisphere of the
other two basins, the difference in the inventory be-
tween the simulations and the data-based estimate is
generally less than 5 mol m−2. As pointed out above,
the main reason for our low inventory is that the ab-
sorbing ability in the Southern Ocean is weakened in
our model. The simulated inventory in the Northern
Hemisphere is basically in agreement with the data-
based estimate. In the North Pacific the difference
in the largest inventory between Run 2 and the data-
based result is less than 2 mol m−2. However, the
location is quite different (Fig. 7a). In the North At-
lantic, although our model under predicts the data-
based inventory, the trend of change is consistent with
the data-based results. Both the simulated results and
the data-based estimates reflect that the inventory in
the higher latitudes is larger than that in the subtrop-
ical regions, except for the region north of about 60◦N
because of strong convection taking place there. Model
simulations show that the inventory in Run 2 is larger
than in Run 1. This is in accord with our discussion
of the vertical distribution. Increasing isopycnal dif-
fusivity can increase the penetration depth of anthro-
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Fig. 7. Zonal mean anthropogenic CO2 inventory (mol
m−2) in the (a) Pacific, (b) Atlantic, and (c) Indian
Ocean.

pogenic CO2.
Based on the above discussed inventory of anthro-

pogenic CO2, we can calculate the total inventory on
both the basin scale and the global scale. Many re-
searchers have estimated the total oceanic inventories
of anthropogenic CO2 in terms of both observed data
and model results. Using observed data sets, Sabine
et al. (2002) estimated the total anthropogenic CO2

inventory of 44±5 Pg C in the Pacific Ocean around
1994. Our Runs 1 and 2 estimate an inventory of 40.2
and 43.4 Pg C, respectively, which is in good agree-
ment with Sabine et al. (2002)’s estimate. Gruber

(1998) estimated that the North Atlantic contained
about 22±5 Pg C in 1982, and the South Atlantic
about 18±4 Pg C in 1989, whereas our Runs 1 and
2 estimate an inventory of 15.2 and 17.2 Pg C in the
North Atlantic in 1982, and 9.3 and 10.7 Pg C in the
South Atlantic in 1989, respectively. The simulated re-
sults underestimate the data-based inventory by about
26% in the North Atlantic and about 44% in the South
Atlantic. Sabine et al. (1999) estimated the inven-
tory of 20.3±3 Pg C in the Indian Ocean around 1995,
whereas our Runs 1 and 2 estimate the inventory of
17.2 and 18.5, respectively, which is within the data-
based range. Sabine et al. (2004) further estimated
a global oceanic anthropogenic CO2 sink for the pe-
riod 1800–1994 of 118±19 Pg C, which is much larger
than our estimates of 86.8 and 92.7 Pg C. The total
inventory from Run 2 is larger than that from Run 1,
reducing the difference with the data-based estimate.
Therefore, the use of relatively large isopycnal diffusiv-
ity can improve the simulated results in the L30T63
model, which is also demonstrated in the simulation
of CFC-11 (Li et al., 2007).

In terms of the exchange flux of anthropogenic
CO2, we can calculate the total uptake of anthro-
pogenic CO2 on both the basin scale and the global
scale. Our simulations show that the global oceanic
uptake of anthropogenic CO2 from Runs 1 and 2 is
1.45 and 1.53 Pg C yr−1 for the 1980–1989 average,
and 1.64 and 1.73 Pg C yr−1 for the 1990–1999 aver-
age. Since Sarmiento et al. (1992) proposed the pertur-
bation approach and estimated that the global ocean
was taking up 1.9 Pg C yr−1 of anthropogenic CO2

in the 1980s, researchers have continued to use differ-
ent models to estimate the ocean budget of anthro-
pogenic CO2. Orr et al. (2001) compared 4 different
OGCMs in the simulations of anthropogenic CO2 and
bomb carbon-14. Estimates of the global ocean up-
take of anthropogenic CO2 from four 3-D models were
within 1.85±0.35 Pg C yr−1 in the 1980s. Thomas
et al. (2001) proposed an estimate of the oceanic an-
thropogenic CO2 inventory as well as its time history
according to atmospheric pCO2 and age spectra to de-
scribe the water mass ventilation history, and obtained
a high global oceanic uptake of 3.9 Pg C yr−1 for the
year 1999. McNeil et al. (2003) used a global CFC
data set to indicate a global oceanic net uptake of 1.6
and 2.0 ± 0.4 Pg C yr−1 of anthropogenic CO2 in the
1980s and 1990s, respectively. They further pointed
out that most ocean models were overestimating the
oceanic anthropogenic CO2 uptake over the past two
decades. It is obvious that our model estimates are
near the low bound of other model estimates.

Recently, Waugh et al. (2006) employed both the
transit time distribution (TTD) method, applied to
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global measurements of CFC-12, and the directed sim-
ulated anthropogenic CO2 to estimate the global in-
ventory of anthropogenic CO2, and suggested an in-
ventory range of 94–121 Pg C in 1994. Using a
Green’s function inversion method that combines the
data-based estimates of anthropogenic CO2 with the
information about ocean transport and mixing from
10 OGCMs, Mikaloff Fletcher et al. (2006) obtained
a global uptake of 2.2±0.25 Pg C yr−1 for 1995.
Most recently, Sweeney et al. (2007) used the updated
database of dissolved inorganic carbon, 14C and a suit
of OGCMs in an inverse mode to obtain a net air-sea
flux estimate of 1.3±0.5 Pg C yr−1 for 1995. After
accounting for the carbon transferred from rivers to
the deep ocean, they estimated an oceanic uptake of
1.8±0.5 Pg C yr−1. It is obvious that a large dif-
ference still exists between the estimates by different
researchers. Goodwin et al. (2007) presented a theory
for the ocean-atmosphere portioning of anthropogenic
CO2 on centennial timescales, and suggested a restric-
tion to a total carbon emission of 700 Pg C to achieve
the atmospheric CO2 stabilization at present-day tran-
sient levels.

4. Conclusions

This study has employed a global ocean circulation
carbon cycle model called L30T63 to simulate the up-
take and storage of anthropogenic CO2 in the ocean.
Two numerical experiments called Runs 1 and 2 were
designed for the sensitivity of anthropogenic CO2 up-
take to GM90 parameters.

Our simulations gave rise to an average oceanic
anthropogenic CO2 uptake rate of 1.45 (Run 1) and
1.63 Pg C yr−1 (Run 2) for the period 1980–1989, and
1.64 (Run 1) and 1.73 Pg C yr−1 (Run 2) for the pe-
riod 1990–1999. Compared with data-based and other
model-based uptakes, our model gives rise to a low
bound. Our model estimates that the global ocean
contained 86.8 (Run 1) and 92.7 (Run 2) Pg C of an-
thropogenic CO2 at the end of 1994, which is smaller
than the data-based estimates. The main difference
in the total oceanic uptake between our simulations
and data-based estimates appears to be in the South-
ern Ocean. According to the comparison of individual
basins, the total inventory in the Pacific Ocean ob-
tained from our model is in good agreement with the
data-based estimate, whereas a large difference in the
Atlantic Ocean exists, particularly in the Southern At-
lantic.

The large exchange flux generally appears to be in
the regions where there is strong convection or vertical
movement. The western North Pacific, western North
Atlantic, and the eastern equatorial Pacific are main

regions of taking up anthropogenic CO2. The largest
air-sea exchange flux can reach over 2 mol m−2 yr−1

in the western North Atlantic. High surface anthro-
pogenic CO2 concentrations are located in the sub-
tropical regions, with the largest value being 50 µmol
kg−1 in 1994. In terms of three meridional sections of
anthropogenic CO2 distributions, simulated results are
compared with the data-based estimates. The deepen-
ing and shallowing of anthropogenic CO2 penetrations
are well produced, compared with the data-based es-
timates at all three sections.

The increase of isopycnal diffusivity can generally
improve the simulated results. Use of large isopyc-
nal diffusivity enhances the exchange flux of anthro-
pogenic CO2 in the western North Pacific and western
North Atlantic. The storage of anthropogenic CO2 in
the subtropical regions of the Southern Hemisphere is
increased due to the increase of isopycnal diffusivity,
which is much closer to the data-based estimates. Al-
though the uptake rate of anthropogenic CO2 can be
increased in the model with a large isopycnal diffu-
sivity, the model-estimated inventory and uptake are
still smaller, compared with the data-based estimates.
This is mainly involved with the simulation of verti-
cal transport and sea ice, which needs to be improved
in the future. Large uncertainties are included in both
model and data-based results. The reduction of uncer-
tainties has been a main subject for the carbon cycle
research community.
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